. These limits may be used to constrain light dark matter particles or spin-1 U bosons. 
I. INTRODUCTION
Invisible or radiative decays of the J/ψ, Υ and other mesons may be used to search for new physics beyond the Standard Model (SM), in particular for neutral states χ, that could be light dark matter constituents, according to→ (γ) χχ [1] [2] [3] . Independently of dark matter, radiative meson decays into γ + invisible allow to look, as for spin-0 axions [4] , for light spin-1 particles called U bosons, according to→ γ + U , where the U can stay invisible when decaying into νν or other neutral particles [5, 6] . Such J/ψ or Υ → γ + U decays were already searched for long ago [7] [8] [9] .
Processes involving U bosons and dark matter particles χ may be intimately related, with the U 's mediating a new interaction between ordinary (SM) and dark matter particles χ. This may indeed be necessary to ensure for sufficient annihilations of light dark matter (LDM) particles [10] , proposed as an interpretation for the origin of the 511 keV line from the galactic bulge observed by the INTEGRAL satellite [11, 12] .
Conversely, this interaction mediated by U bosons may be responsible for the pair-production of LDM particles through(or e + e − ) → (γ) χχ. In spite of tentative estimates like B(η (η ′ ) → χχ) ≈ 1.4 × 10 −4 (1.5 × 10 −6 ) [13] , one cannot reliably predict such invisible decay rates of mesons just from the dark matter relic density and annihilation cross-section [3] . In particular a U vectorially coupled to quarks and leptons could be responsible for LDM annihilations, without contributing to invisible decays η (η ′ ) → χχ [2] ; this includes the more specific case of a U boson coupled to SM particles through the electromagnetic current [14] , also known as a "dark photon". Annihilations→ U U may also be a source of invisi-ble meson decays, especially as the invisible decay mode U → χχ may be dominant [2] . U exchanges could be responsible for a possible discrepancy between the measured and expected values of g µ − 2 [6] .
It is in any case very interesting to search for such light invisible particles in collider experiments [15] . Many searches for the invisible decays of π 0 , η, η ′ , J/ψ and Υ (1S) have been performed [16] [17] [18] [19] [20] . Invisible decays of η and η ′ may originate from η (η ′ ) → χχ or U inv U inv . The resulting informations complement those from J/ψ and Υ decays (constraining different matrix elements, for the b and c quarks), and from π 0 decays (giving access to a smaller phase space and, again, for different matrix elements).
Using 58 × 10 6 J/ψ events, the BESII experiment obtained a first upper limit B(η(η
. Complementary to the BESII results, IceCube set B(η → ν e,τνe,τ ) < 6.1 × 10 −4 [21] for η decays into SM neutrinos. We present here updated results of searches for the invisible decays of η and η ′ . The data sample used consists of (225.3 ± 2.8) × 10 6 J/ψ events [22] collected with the BESIII detector [23] at the BEPCII collider [24] .
II. THE BESIII EXPERIMENT AND MONTE CARLO SIMULATION
BEPCII/BESIII [23] is a major upgrade of the BESII experiment at the BEPC accelerator. The design peak luminosity of the double-ring e + e − collider, BEPCII, is 10 33 cm −2 s −1 at a beam current of 0.93 A. The BESIII detector has a geometrical acceptance of 93% of 4π and consists of four main components: (1) a small-celled, helium-based main draft chamber (MDC) with 43 layers, which provides measurements of ionization energy loss (dE/dx). The average single wire resolution is 135 µm, and the momentum resolution for charged particles with momenta of 1 GeV/c in a 1 T magnetic field is 0.5%; (2) an electromagnetic calorimeter (EMC) made of 6240 CsI (Tl) crystals arranged in a cylindrical shape (barrel) plus two end-caps. For 1.0 GeV photons, the energy resolution is 2.5% in the barrel and 5% in the end-caps, and the position resolution is 6 mm in the barrel and 9 mm in the end-caps; (3) a time-of-flight system (TOF) for particle identification (PID) composed of a barrel part made of two layers with 88 pieces of 5 cm thick, 2.4 m long plastic scintillators in each layer, and two end-caps with 96 fan-shaped, 5 cm thick, plastic scintillators in each end-cap. The time resolution is 80 ps in the barrel, and 110 ps in the end-caps, corresponding to a 2σ K/π separation for momenta up to about 1.0 GeV/c; (4) a muon chamber system made of 1000 m 2 of resistive-platechambers arranged in 9 layers in the barrel and 8 layers in the end-caps and incorporated in the return iron of the super-conducting magnet. The position resolution is about 2 cm.
The optimization of the event selection and the estimation of physics backgrounds are performed using Monte Carlo (MC) simulated data samples. The geant4-based simulation software BOOST [25] includes the geometric and material description of the BESIII detectors, the detector response and digitization models, as well as the tracking of the detector running conditions and performance. The production of the J/ψ resonance is simulated by the MC event generator kkmc [26] ; the known decay modes are generated by evtgen [27] with branching ratios set at PDG values [28] , while the remaining unknown decay modes are modeled by lundcharm [29] . In order to detect invisible η and η ′ decays, we use J/ψ → φη and φη ′ . These two-body decays provide a very simple event topology, in which the φ candidates can be reconstructed easily and cleanly decaying into K + K − . The reconstructed φ particles can be used to tag η and η ′ in order to allow a search for their invisible decays. In addition, both the φ and η(η ′ ) are given strong boosts in the J/ψ decay, so the directions of the η and η ′ decays are well defined in the lab system and any decay products can be efficiently detected by the BESIII detector. The missing η and η ′ can be searched for in the distribution of mass recoiling against the φ candidate.
Charged tracks in the BESIII detector are reconstructed using track-induced signals in the MDC. We select tracks that originate within ±10 cm of the interaction point (IP) in the beam direction and within 1 cm in the plane perpendicular to the beam. The tracks must be within the MDC fiducial volume, | cos θ| < 0.93 (θ is the polar angle with respect to the e + beam direction). Candidate events are required to have only two charged tracks reconstructed with a net charge of zero. For each charged track, information from TOF and dE/dx are combined to calculate χ 2 PID (i) values. With the corresponding number of degree of freedom, we obtain probabilities, Prob PID (i), for the hypotheses that a track is a pion, kaon, or proton, where i (i = π/K/p) is the particle type. For both kaon candidates, we require Prob PID (K) > Prob PID (π). The mass recoiling against the φ candidate, M recoil φ , is calculated using the four-momentum of the incident beams in the lab frame (p distribution are defined to be within 3σ of the known masses of η and η ′ [28] . Here, σ is the detector resolution and is 17.8 (9.3) MeV/c 2 , which is determined from MC simulation, for J/ψ → φη(η ′ ). Electromagnetic showers are reconstructed from clus- ters of energy deposits in the EMC crystals. The shower energies are required to be greater than 25 MeV for the barrel region (| cos θ| < 0.8) and 50 MeV for the end-cap region (0.86 < | cos θ| < 0.92). The showers in the transition region between barrel and end-cap are required to have an energy greater than 100 MeV. Showers must be isolated from all charged tracks by more than 10
• . We require that η(η ′ ) → invisible events have no charged tracks besides those of the φ → K + K − candidate. In addition, the number of EMC showers (N shower ), that could be from a K L or a photon, are required to 
candidates. The solid curve shows the fit results.
be zero inside a cone of 1.0 rad around the recoil direction against the φ candidate. This requirement rejects most η and η ′ decays into visible final states. It also eliminate most backgrounds from multibody decays of J/ψ → φ+anything. In order to ensure that η and η ′ decay particles are inside the fiducial volume of the detector, the recoil direction against the φ is required to be within the region | cos θ recoil | < 0.7, where θ recoil is the polar angle of the recoil three-momentum of φ candidate. Figure 1 (a) shows the K + K − invariant mass distribution after the above selection. A clear φ peak is seen. Figure 1 (b) shows the recoil mass against φ candidates for events with 1.01 GeV/c 2 < m KK < 1.03 GeV/c 2 , and there are no significant signals in the η and η ′ mass regions. We use MC simulated events to determine selection efficiencies for the signal channels and study possible backgrounds. The efficiencies are 36.0% and 36.1% for η and η ′ invisible decays, respectively. More than 20 exclusive decay modes are generated with full MC simulations in order to better understand the backgrounds. The sources of backgrounds are divided into two classes. Class I: The background is from J/ψ → φη(η ′ ), where φ → K + K − and η(η ′ ) decays into visible final states that are not detected by the EMC. The expected number of background events from this class is 0.18±0.02 (1.0±0.2) in the signal region for the η(η ′ ) case. Class II: It is from J/ψ decays to final states without η(η ′ ) or without both η(η ′ ) and φ. For the η invisible decay, the domi-
where the soft radiative photon is either undetected or outside of the 1 rad cone against recoil φ direction in the EMC and the fast π is mis-identified as kaon. We determine the expected number of background from
, and a systematic uncertainty is assigned to cover the variation due to possible structures on the Dalitz plot. For the η
The expected number of background events from class II is 0.8±0.2 and 9.4 ± 1.7 in the signal regions for η and η ′ , respectively. After all selection criteria are applied, only one event (shown in Fig. 1 (b) ) survives in the η signal region where 1.0 ± 0.2 background event is expected. An upper limit (UL) at the 90% confidence level (C.L.) of N η UL = 3.34 for J/ψ → φη (φ → K + K − and η → invisible) is obtained using the POLE ++ program [30] with the FeldmanCousins frequentist approach [31] . The information used to obtain the upper limit includes the number of observed events in the signal region, and the expected number of background events and their uncertainty.
For the η ′ case, an unbinned extended maximum likelihood (ML) fit to the M recoil φ distribution in the range 0.8 GeV/c 2 < M recoil φ < 1.2 GeV/c 2 , as shown in Fig. 2 , is performed. The signal shape used in the fit, shown in Fig. 3 , is obtained from a nearly background-free
The purity of the sample is greater than 98.5%. The shape of the invisible signal peak in the M recoil φ distribution is fixed to the smoothed histograms of the J/ψ → φη ′ , η ′ → π + π − η, η → γγ MC sample, and the signal yield is allowed to float. The shape of the dominant background J/ψ → φf 0 (980), f 0 (980) → K L K L is described by MC simulated data, in which the f 0 (980) line shape is parameterized with the Flatté form [32] 
where M f0 is the mass of the f 0 (980), m is the effective mass, ρ is Lorentz invariant phase space (ρ = 2k/m, here, k refers to the π or K momentum in the rest frame of the resonance), and g 1 and g 2 are coupling-constants for the f 0 (980) resonance coupling to the ππ and KK channels, respectively. These parameters [M f0 = 0.965±0 [33, 34] . In the ML fit, the dominant background shape (J/ψ → φf 0 (980), The branching fraction of η(η ′ ) → γγ is also determined in J/ψ → φη(η ′ ), in order to obtain the ratio of
is that the uncertainties due to the total number of J/ψ events, tracking efficiency, PID, the number of the charged tracks, and the residual noise in the EMC cancel.
The selection criteria for the charged tracks are the same as those for J/ψ → φη(η ′ ), η(η ′ ) → invisible. However, at least two good photons are required. The events are kinematically fitted using energy and momentum conservation constraints (4C) under the J/ψ → KKγγ hypothesis in order to obtain better mass resolution and suppress backgrounds further. We require the kinematic fit χ 2 K + K − γγ to be less than 90 (40) for the η(η ′ ) case. If there are more than two photons, the fit is repeated using all permutations, and the combination with the best fit to KKγγ is retained.
The numbers of J/ψ → φη(η ′ ), η(η ′ ) → γγ events are obtained from an extended unbinned ML fit to the 2 ) for the η(η ′ ) case. The signal shape for φ is modeled with a relativistic Breit-Wigner (RBW ) function [35] convoluted with a Gaussian function that represents the detector resolution; the signal shape for η(η ′ ) is described by a Crystal Ball (CB) function [36] , and its parameters are floated. In the ML fits, the width of φ is fixed at the PDG value, and its central mass value is floated. The backgrounds are divided into three 
Points with error bars are data. The (black) solid curves show the results of the fits to signal plus background, and the (black) dashed curves are for signal. In (a), the (blue) dotteddash curve shows non-φ-peaking backgrounds, and the (red) short-dashed curve shows the non-η-peaking background. In (b), the (blue) dotted-dash curve shows non-η-peaking backgrounds, and the (red) short-dashed curve shows the non-φ-peaking background.
categories: non-φη(η ′ )-peaking background (i.e., J/ψ → γπ 0 K + K − , in which one of the photons is missing); non-φ-peaking background (i.e., J/ψ → K + K − η(η ′ )); and non-η(η ′ )-peaking background (i.e., J/ψ → φγγ and φπ 0 π 0 ). The probability density functions (PDF) for non-φ-peaking background in the m KK distribution is parameterized by [37] 
where a, b and c are free parameters, and m K is the nominal mass value of the charged kaon from the PDG [28] . The shape for the non-η(η ′ )-peaking background in the m γγ distribution is modeled by a second-order Chebychev polynomial function (B(m γγ )). All parameters related to the background shape are floated in the fit to data. The PDFs for signal and backgrounds are combined in the likelihood function L, defined as a function 
Points with error bars are data. The (black) solid curves show the results of the fits to signal plus background distributions, and the (black) dashed curves are for signal. In (a), the (blue) dotted-dash curve shows non-φ-peaking backgrounds, and the (red) short-dashed curve shows the non-η ′ -peaking background. In (b), the (blue) dotted-dash curve shows non-η ′ -peaking backgrounds, and the (red) short-dashed curve shows the non-φ-peaking background.
of the free parameters N 
where N Table I . We also obtain the results for the η ′ case by replacing η with η ′ in Eq. (3). The fitted results for η(η ′ ) → γγ are shown in Fig. 4 (Fig. 5) . The detection efficiencies are determined with MC simulations to be 36.3% and 31.7% for η and η ′ , respectively. According to the results in Table I , the ratio of B(J/ψ → φη) to B(J/ψ → φη ′ ), is found to be consistent with the known value [28] . The individual branching fraction is larger by 1.3(1.6)σ with respect to the average value listed in Ref. [28] for B(J/ψ → φη(η ′ )), while it is consistent with Ref. [17] .
IV. SYSTEMATIC UNCERTAINTIES
The contributions to the systematic error on the calculation of the ratios are summarized in Table II . The uncertainty, due to the requirement of no neutral showers in the EMC inside the 1.0 rad cones around the recoil direction against the φ candidate, is estimated using the control sample of fully reconstructed J/ψ → φη, η → γγ events. The ratios of events with no extra photons to events without this requirement are obtained for both data and MC simulation. The difference 0.3% is taken as the systematic error for both the η and η ′ cases. This study determines the difference of the noise in the EMC for MC simulation and data. The uncertainty due to the φ mass window requirement is determined to be 1.5% by using the same control sample of J/ψ → φη, η → γγ events.
For the η invisible decay, the dominant background is
The expected number of the background is estimated with the MC simulations using a phase space distribution for η c → K ± π ∓ K L . The uncertainty to the background estimate that covers the variation of the Dalitz plot structures is studied using the data sample of ψ ′ → γη c , η c → K s K ± π ∓ events, which were from BESIII in Ref. [38] . The experimental data suggest that the η c → K s K ± π ∓ decays predominantly via the scalar K * 0 (1430) meson, i.e., η c → K * 0 (1430)K, which is consistent with the results from BABAR and Belle experiements [39, 40] . After correction for detection efficiency, the experimental Dalitz plot distribution in the
The reweighting increases the expected number of background events by 5%, which leads to a relative error of 1.2% on η → invisible decay.
For the η ′ invisible decay, systematic errors in the ML fit originate from the limited number of events in the data sample and from uncertainties in the PDF parameterizations. Since the signal shape is obtained from the J/ψ → φη ′ , η ′ → π + π − η, η → γγ events in the data, the uncertainty due to the signal shape is negligible. The uncertainty due to the background shape is estimated by varying the PDF shape of the background in the ML fit. The shape of the dominant background [33] , and find that the relative error on η ′ → invisible decay is 1.0%. The systematic uncertainty due to the choice of parameterization for the shape of the background from J/ψ → φK L K L is estimated by varying the order of the polynomial in the fit; we find a relative change on the invisible signal yield of 2.9%, which is taken as the uncertainty due to the background model.
The uncertainty in the determination of the number
→ γγ events is also estimated. The systematic error due to photon detection is determined to be 1% for each photon [41] . The uncertainty due to the 4C fit is estimated to be 0.4%(0.8%) for the η(η ′ ) case using the control sample J/ψ → π 0 K + K − . In the fit to the φ mass distribution, the mass resolution is fixed to the MC simulation; the level of possible discrepancy is determined with a smearing Gaussian, for which a non-zero σ would represent a MC-data difference in the mass resolution. The uncertainty associated with a difference determined in this way is 0.1% (1.0%) for the η(η ′ ) case. The systematic uncertainty due to the choice of parameterization for the shape of the non-φη(η ′ )-peaking background is estimated by varying the order of the polynomial in the fit; we find the relative changes on the η(η ′ ) signal yield of 0.1% (0.6%), which is taken as the uncertainty due to the background shapes. The total systematic errors σ sys η and σ sys η ′ on the ratio are 2.8% and 4.1% for η and η ′ , as summarized in Table II .
V. RESULTS
The upper limit at the 90% confidence level on the ratio of B(η → invisible) to B(η → γγ) is calculated with where N η UL is the 90% upper limit of the number of observed events for J/ψ → φη, φ → K + K − , η → invisible decay, ǫ η is the MC determined efficiency for the signal channel, N η γγ is the number of events for the J/ψ → φη, φ → K + K − , η → γγ, ǫ η γγ is the MC determined efficiency, and σ η is the total error for the η case from Table II. The upper limit on the ratio of B(η ′ → invisible) to B(η ′ → γγ) is obtained similarly. Since only the statistical error is considered when we obtain the 90% upper limit of the number of events, to be conservative, N η UL and N η ′ UL are shifted up by one sigma of the additional uncertainties (σ η or σ η ′ ).
Thus, the upper limit of 2.6 × 10 −4 (2.4 × 10 −2 ) on the ratio of B(η(η ′ ) → invisible) and B(η(η ′ ) → γγ) is obtained at the 90% confidence level.
VI. CONCLUSION
In summary, the invisible decays of η and η ′ are searched for in the two-body decays J/ψ → φη and φη , respectively. Using the branching fraction values of η and η ′ → γγ from the PDG [28] , we determine the invisible decay rates to be B(η → invisible) < 1.0 × 10 −4 and B(η ′ → invisible) < 5.3 × 10 −4 at the 90% confidence level.
Our limits are improved by factors of 6 and 3 compared to the previous ones obtained at BESII [17] , the η ′ limit being almost 2 times better than the recent one from the CLEO-c experiment [18] . The limit for η → invisible is smaller than a tentative estimate [13] for the η → χχ decay to a pair of light dark matter particles, no such decays, however, being expected from the virtual exchanges of a spin-1 U boson (or dark photon) with vector couplings to quarks. These limits constrain the decays η (η ′ ) → U U where each U decays invisibly into neutrinos or LDM, with branching fraction B inv . The resulting η (η ′ ) limits on the U couplings to quarks are improved by ≃ 1.6 and 1.3 as compared to those obtained in [2] from the BESII limits [17] , and now read f 2 u + f 2 d < 3 × 10 −2 / √ B inv and |f s | < 4 × 10 −2 / √ B inv , respectively (for 2m U smaller than m η or m η ′ and not too close to them), f u , f d and f s denoting effective couplings of the U boson to light quarks.
